Cerebellar granule cells, the most abundant neurons in the mammalian brain, arise in the rhombic lip located at the roof of the brain's fourth ventricle. Bordering the rhombic lip is the choroid plexus, a non-neuronal structure, composed of blood vessels enveloped by epithelial cells. Here, we show a striking decrease in neural differentiation of rhombic lip-derived cells, which failed to extend neuritic processes and attenuate Math1 promoter activity, when co-cultured with choroid plexus cells. Moreover, a blocking antibody against BMP7, a morphogenetic protein expressed in the choroid plexus, blocked the inhibitory effect of the choroid plexus, whereas purified BMP7 mimicked this effect, demonstrating causal involvement of BMP. On the other hand, the BMP antagonist NBL1 promoted neurogenesis in rhombic lip cultures from Math1 null mice displaying arrested differentiation. Our data indicate that besides its secretory and barrier functions, the choroid plexus has a novel role in attenuating the differentiation of adjacent neural progenitors. q
Introduction
Proper neuronal differentiation is fundamental to ensure generation of the correct cell types and number. To deepen our insight on the tight regulation taking place during the switch between specification/fate determination and differentiation, we took advantage of the well-characterized developmental program of the cerebellar granule cells (CGCs) (Altman and Bayer, 1997; Goldowitz and Hamre, 1998; Hatten and Heintz, 1995) . These are the most abundant neurons in the mammalian brain, which arise from specified progenitors residing in the rhombic lip located at the roof of the fourth ventricle of the brain. Bone morphogenetic proteins (BMPs) are signaling molecules essential for the specification of rhombic lip progenitors as future CGCs (Alder et al., 1999) . Cultured E8 neural plate cells from the mesen/metencephalon boundary treated by BMP7 form mature granule neurons after transplantation into the early postnatal cerebellum, suggesting that BMPs initiate the program of CGC specification. BMP7 induces directly the expression of various CGC markers, including Math1, a basic Helix-Loop-Helix transcription factor, the earliest known marker of CGC (Akazawa et al., 1995; Ben-Arie et al., 1996) . Math1 is essential for proper CGC development while in the rhombic lip, since in Math1 null mice the CGC progenitors are unable to differentiate and migrate out of the rhombic lip, and therefore the external granule layer (EGL) of the developing cerebellum is never formed (Ben-Arie et al., 1997 . In Math1 null mice the rhombic lip is formed and expresses early CGC markers and a LacZ reporter under Math1 control elements, but appears smaller from E14 to birth (Ben-Arie et al., 1996 Gazit et al., 2004; Jensen et al., 2004) . Rhombic lip cells derived from Math1 null embryos at embryonic day 14.5 (E14.5) cannot differentiate and extend neurites when cultured, indicating that Math1 is essential for CGC differentiation also in vitro (Gazit et al., 2004) . However, the molecular cues endowing the CGC neural progenitors at the rhombic lip with the differentiation signals are not fully understood.
Bordering the rhombic lip is the choroid plexus of the fourth ventricle. Choroid plexuses (plexi), which are located throughout the four ventricles of the brain, are non-neuronal lobulated structures, composed of blood vessels enveloped by a monolayer of ependymal-derived epithelial cells Mechanisms of Development 123 (2006) (Dziegielewska et al., 2001; Emerich et al., 2005; Redzic and Segal, 2004) . The choroid plexuses are one of the interfaces that form the 'blood-brain barrier' and produce the cerebrospinal fluid (CSF). In addition, the choroid plexuses synthesize various growth and trophic factors (Chodobski and Szmydynger-Chodobska, 2001; Emerich et al., 2005) , such as insulinlike growth factor II (IGF II) (Nilsson et al., 1996) , glial cell line-derived neurotrophic factor (GDNF) (Koo and Choi, 2001) and transforming growth factor a (TGFa) (Diaz-Ruiz et al., 1993) . The developing cerebellum and the largest among the choroid plexuses, which is localized in the fourth ventricle, are closely positioned throughout development. Due to the close association between the two tissues it was previously suggested that diffusible factors released from the choroid plexus, such as retinoic acid, may influence cerebellar development (Yamamoto et al., 1996) . Here, we show that in addition to its role in early CGCs specification, choroid plexus-derived BMP7 inhibits differentiation of CGC progenitors in the rhombic lip. BMP7 induces the expression of MATH1, which in turn activates the expression of the BMP antagonist NBL1. Antagonizing the anti-differentiative effect of BMP7 by NBL1 enables differentiation of Math1 null rhombic lip-derived cells in culture. Therefore, besides the well-established secretory and barrier functions, the choroid plexus has a novel role in attenuating the differentiation of the adjacent neural progenitors, which is probably aimed to maintain a pool of undifferentiated cells during neurogenesis. 
Results

The developing cerebellum and choroid plexus
The first, and largest, choroid plexus in the mouse brain forms at the roof of the fourth ventricle at E12-13 (Kaufman, 1992) . Continuous to the ependymal lining of the ventricles, the choroid plexus of the fourth ventricle is attached to the most caudal and ventral edges of the developing cerebellum and extends laterally (Fig. 1A,B) . At the roof of the fourth ventricle of the embryonic brain lies a transient structure called the upper rhombic lip, which gives rise to CGCs (Altman and Bayer, 1997) (Fig. 1A) . Postnatally, the CGCs, now located at the external granule layer of the cerebellum, migrate inward the cerebellar cortex while developing dendrites and a T-shaped axon (Altman and Bayer, 1997) . Similarly, their progenitors, harvested from the rhombic lip at E14, can also differentiate and extend neurites in vitro (Alder et al., 1996; Gazit et al., 2004) . In Math1 null mice the rhombic lip is formed and the choroid plexus appears normal at E14.5, but the EGL is not being generated (Fig. 1C-F ).
The choroid plexus attenuates differentiation of rhombic lip cells
As can be seen in Fig. 2A and previously described (Alder et al., 1996; Gazit et al., 2004 ) rhombic lip cells from Math1 C/lacZ cultured for 6 days differentiated in vitro and displayed a low activity of Math1 promoter, as revealed by X-Gal staining. Surprisingly, when cells from the rhombic lip and the bordering choroid plexus were co-cultured, Math1 promoter did not show the expected downregulation (Fig. 2B) . The level X-Gal staining in the co-culture was comparable to that seen in Math1 lacZ/lacZ cells (Fig. 2C ), which are properly specified but display a differentiation arrest (Alder et al., 1996; Gazit et al., 2004) . The proportion of X-Gal-stained cells (Fig. 2B ,C) indicated that cells from both genotypes and conditions were viable and that the majority of the cultured rhombic lip cells were Math1-positive.
To further test the effect of choroid plexus cells we examined the ability of rhombic lip cells to develop processes in culture. A striking decrease in neurite formation was evident when cells from the rhombic lip and the bordering choroid plexus were co-cultured (Fig. 3) , as shown by immunostaining against the neuron-specific b-tubulin isotype class III (TuJ-1) (Hatten et al., 1997; Hatten and Heintz, 1995; Przyborski and Cambray-Deakin, 1997) . We have previously shown (Gazit et al., 2004 ) that these neurites are positive also for other neural markers like neurofilament 160 (NF160), phosphorylated neurofilament (RT97) and neural cell adhesion molecule 1 (NCAM). Proliferating cells in the rhombic lip and outer EGL were previously shown to be MATH1 positive and TuJ-1 negative, while differentiating cells in the deep EGL turn off Math1 and turn on TuJ-1 (Helms et al., 2001) . Therefore, the decrease in neuritogenesis and the lack of Math1 promoter downregulation further supported the notion that the choroid plexus may have an unrecognized function in delaying differentiation and neurogenesis of rhombic lip progenitors.
Expression of BMP7 and the BMP antagonist Nbl1 in the developing hind brain
We have performed DNA microarray expression profiling of genes up-or down-regulated in E14.5 wild type versus Math1 null cerebella (to be described elsewhere). One of the genes downregulated in the mutant cerebella was the zincfinger Nbl1 (DAN, N03). NBL1, the founding member of an evolutionarily conserved DAN family of proteins, antagonizes the action of transforming growth factor b (TGFb) proteins (Ozaki and Sakiyama, 1993) . In contrast, better characterized TGFb antagonists such as Noggin, Chordin and Follistatin were either not present on the array, not expressed or not regulated in Math1 mutants (not shown). As three family members, Bmp6/7 and Gdf7, expressed in the dorsal midline cells adjacent to the rhombic lip were shown to be essential for early CGC specification (Alder et al., 1999) , we hypothesized that functional regulation of BMP signaling by NBL1 may mediate the inhibitory effect of the choroid plexus. Fig. 2 . Rhombic lip cells co-cultured with choroid plexus cells maintained Math1 promoter activity. Rhombic lip cells were cultured with or without choroid plexus cell for 6 days and Math1 promoter activity was detected by X-Gal staining. After 6 days in vitro, cultures derived from heterozygous (Math1 C/lacZ ) embryos showed a low level of Math1 promoter activity (A), as expected (Gazit et al., 2004) . In contrast, when similar cells were co-cultured with choroid plexus (C.P.) cells, Math1 promoter activity was not downregulated, indicating a delayed differentiation (B). The level of X-Gal staining in the co-culture was similar to that seen in cultures derived from Math1 lacZ/lacZ mice (C), which are developmentally arrested and thus retained high level of promoter activity.
To test the involvement of the TGFb antagonist NBL1 in BMP signaling at the rhombic lip we first characterized the expression pattern of Nbl1 and Bmp7 in the developing cerebellum. In wild type E14.5 mice, Nbl1 and Math1 were expressed in the rhombic lip that gives rise to the CGCs. However, in contrast to Math1, Nbl1 was detected also in the cerebellar ventricular zone that gives rise to other cerebellar neurons like the Purkinje cells (Fig. 4) . In Math1 null cerebella, Nbl1 level was reduced in the rhombic lip, but not in the ventricular zone (Fig. 4) , supporting the downregulation detected by the DNA microarray and confirmed by RT-PCR. The reduction in rhombic lip expression of Nbl1 is in agreement with the specific effect of Math1 null mutation on the CGC progenitors at the rhombic lip, but not on other neuronal precursors at the ventricular zone. Bmp7, which was not detected by the microarray as being regulated by Math1, was expressed in the choroid plexus of the fourth ventricle, but not in the adjoining rhombic lip (Fig. 4) . As expected from the expression profiling, Bmp7 was expressed in the choroid plexus of both wild type and Math1 null mice, thus further supporting the notion it acts upstream of Math1 (Fig. 4) .
BMP7 and Nbl1 affect differentiation of rhombic lip cells
Since Bmp7 was expressed in choroid plexus and known to participate in early specification of CGC progenitors, we sought to test whether BMP7 secreted from the choroids plexus cells may mediate the inhibition of GCG differentiation. We co-cultured rhombic lip cells with bordering choroid plexus cells in the presence or absence of anti-BMP7 blocking antibodies. While co-culturing of rhombic lip and choroid plexus cells caused inhibition of neurite formation, addition of anti-BMP7 blocking antibody reduced the level of neuritogenesis inhibition (Fig. 5 ). This experiment supported our hypothesis that BMP7 may be involved in the inhibitory effect of the choroid plexus on rhombic lip cell differentiation.
We next asked whether the choroid plexus-induced inhibition of differentiation, marked by attenuation of neuritogenesis, could be mimicked by a purified soluble BMP7. The addition of a recombinant BMP7 protein to rhombic lip cultures from wild type embryos indeed caused a decrease in neurite formation (Fig. 6) , in a dose-dependent Fig. 3 . The choroid plexus inhibits neuronal maturation of RL-derived cells. Neuritic outgrowth was inhibited in rhombic lip cultures when co-cultured with dissociated choroids plexus (C.P.) cells, as revealed by anti-bIII-tubulin staining and quantification. Rhombic lips from a litter of embryos (average of eight pups) were dissected and pooled, such as one of the pools contained choroid plexus cells. Each pool yielded 10 separate cultures (wells), which were stained, photographed and quantified. DAPI nuclear staining (inserts) was used to examine the cell number and viability. Four independent experiments were conducted. Error bars represent the SEM; *, t-test P!0.001; scale bars, 100 mm. Fig. 1 in Appendix) . Taking into consideration the opposing effects of the anti-BMP7 blocking antibodies (increased neuritogenesis) and the pure BMP7 protein (decreased neuritogenesis), we concluded that BMP7, synthesized and secreted by the choroid plexus of the fourth ventricle, may serve as an inhibitory agent for the differentiation of CGC neuronal progenitors.
To shed further light on the impact of BMP signaling on the differentiation of neural progenitors in the rhombic lip, we applied pure recombinant BMP7 or NBL1 proteins to cultured rhombic lip cells from wild type or Math1 null littermate embryos. While purified BMP7 inhibited the differentiation of wild type cultures, antagonizing BMP function by purified NBL1 allowed neuritogenesis to continue (Fig. 6 ). BMP7 did not affect the arrested differentiation in Math1 null cultures, implying that the observed defect was not caused by downregulation of BMP7, which probably acts upstream, and not downstream, to Math1. Interestingly, application of recombinant NBL1 caused a 2.4-fold increase in neurite outgrowth in rhombic lip cells from Math1 null embryos. The level of neurite outgrowth in the NBL1-treated Math1 null cells was still lower (44%) than in control wild type cells (Fig. 6) . Fig. 5 . Anti-BMP7 antibodies reduce the inhibitory effect of choroid plexus on rhombic lip cells. Rhombic lip cells were cultured with (CC.P.) or without (KC.P.) dissociated choroids plexus cells. Antibodies against BMP7 were added as described in Section 4. The addition of antibodies attenuated the inhibitory effect of choroid plexus cells on neuritogenesis. Pools and culturing were as in Fig. 3 , five wells were used for each treatment and three independent experiments were conducted. DAPI nuclear staining (inserts) was used to examine the cell number and viability. Error bars represent the SEM; *, t-test P!0.01; scale bars, 100 mm. , lower row) were supplemented with: vehicle, BMP7 (12.5 nM) or NBL1 (100 nM). Neuritic outgrowth was attenuated by BMP7 in Math1 C/C -derived cells, and elevated by NBL1 in Math1 lacZ/lacZ -derived cultures. Each embryo was processed separately and yielded 3-5 cultures (wells), each 1-2 wells were supplemented with the indicated protein or vehicle. DAPI nuclear staining (inserts) was used to examine the cell number and viability. Three independent experiments were conducted such as at least five embryos from each genotype were tested. Error bars represent the SEM; *, t-test P!0.01; scale bars, 100 mm.
Thus, application of NBL1 partially rescued the differentiation arrest in Math1 mutant cultures. Taken together, we have shown that BMP7, previously shown to act in the specification of neural progenitors in the rhombic lip, functions in parallel as an inhibitory agent for the differentiation of the same cells. A functional regulatory loop, involving MATH1 and NBL1 antagonizes this function, allowing progenitor cells to execute the differentiation program.
Discussion
Neurogenesis is a multi-step process, which is regulated by a complex network of genes expressed in the neuronal progenitors themselves, and by signals derived from the environment. Such extrinsic signals may originate from spatially restricted organizing centers, but also from neighboring neuronal progenitors or glia cells. Here we present a novel function of the choroid plexus, which is of epithelial origin, in inhibiting CGCs differentiation. We have identified the molecular players, through which this inhibition takes place, and the regulatory loop acting to cease the inhibition, thus allowing neurogenesis to progress.
The choroid plexus is an important component of the bloodbrain barrier and produces the CSF and trophic factors, but was not shown to directly participate in regulation of neuronal differentiation through secretion of BMPs. We have shown that cells from the choroid plexus of the fourth ventricle attenuate the differentiation of rhombic lip cells, as evident by the lack of Math1 promoter downregulation and the inhibition of neurite outgrowth. The inhibitory effect of the choroid plexus was mimicked by BMP7, which was shown to be normally expressed in the choroid plexus of the fourth ventricle.
Two questions arise regarding the specificity of BMPs expression: (a) is BMP7 the only family member expressed in choroid plexus of the fourth ventricle? (b) is expression of BMPs limited to a specific choroid plexus in the brain? Detailed expression studies of BMPs in the developing mouse brain at various stages were performed previously (Furuta et al., 1997) . At E13.5 BMPs 4, 5, 6 and 7, but not BMP2, were found by in situ hybridization to be strongly expressed in all choroid plexuses of the brain. Moreover, an impact of secreted BMPs reaching the ventricular layer of the lateral ventricles via the CSF and influencing neurogenesis was also suggested (Furuta et al., 1997) . Thus, it is possible that the phenomena of BMP-mediated inhibition of differentiation may be caused by various BMPs secreted from choroid plexuses localized also at the lateral and third ventricles in the developing brain.
BMPs, along with sonic hedgehog (Shh) signaling, were shown to participate in early specification of the neuronal progenitors through the CNS, including CGC progenitors at the rhombic lip (Alder et al., 1999; Edlund and Jessell, 1999; Hatten et al., 1997) . BMP6, BMP7 and GDF7 were capable of inducing the generation of CGC progenitors and expression of the early CGC markers Math1 and Zic1 (Alder et al., 1999) . BMP family members act also during postnatal CGC development. The effect of BMP6 and BMP7 on survival and neurite outgrowth was tested on cultured postnatal (P8) rat CGCs, which have migrated out of the rhombic lip and formed the EGL. While both proteins were capable of promoting CGC survival, only BMP6 was able to induce neurite outgrowth (Yabe et al., 2002) . Similarly, BMP4 was found to promote mouse postnatal (P6 and P10) CGC differentiation through Smad1 (Angley et al., 2003) . BMP2 and BMP4, but not BMP7, prevented Shh-induced CGC proliferation in primary cultures of P6 EGL cells and thereby allowed differentiation of the granule cells (Rios et al., 2004) . Furthermore, Smad5, one of the BMP receptor substrates that transduce the signal, was shown to be phosphorylated in the EGL and in culture treated with BMP2, and overexpression of Smad5 was sufficient to induce granule cell differentiation in the presence of Shh. Taken together, BMPs were shown to regulate the balance between proliferation and differentiation of CGCs postnatally.
Our data suggest that BMPs (or at least BMP7) regulate also the differentiation of neuronal precursors in the rhombic lip during embryonic development. BMPs are well-known antineural factors in vertebrate embryos. BMP4 expressed in the embryo at the time of ectodermal fate determination, is a potent epidermal inducer and neural inhibitor (Wilson and Hemmati--Brivanlou, 1995) . BMPs have also been shown to antagonize neural differentiation of ES cells. In cultured embryonic stem (ES) cells efficient self-renewal and concomitant suppression of differentiation and require BMPs, which induce Inhibitor of differentiation (Id) genes (Ying et al., 2003) . While BMP alone promotes differentiation of ES cells into non-neural fates, a combination of leukemia inhibitory factor (LIF) and BMP4 or BMP2 inhibited neuronal differentiation as revealed by TuJ-1 immunostaining (Ying et al., 2003) .
Extracellular antagonists of BMPs are important regulators of BMP-dependant activities in nervous system development of various organisms from Drosophila to man (Edlund and Jessell, 1999) . BMP antagonists in vertebrates include Noggin, Chordin, Follistatin, Chordin-like, follistatin-related protein (FSRP), Sclerostin and DAN/Cerberus family members (Balemans and Van Hul, 2002) . The antagonists vary in their specificity towards various TGF-b family members. Follistatin, FSRP and Cerberus bind BMPs and Activin, while Noggin, Chordin and NBL1 bind BMP/GDF family members, but not Activin. Noggin, as well as NBL1, was shown to bind and antagonize GDF5 and BMP 2, 4, and 7 (McMahon et al., 1998; Merino et al., 1999; Zimmerman et al., 1996) . Moreover, compound mice Nbl1 K/K ::Noggin C/K have shown abnormalities in skeletal development not detected in Nbl1 K/K mice, thus supporting the convergence in Noggin and NBL1 action (Dionne et al., 2001 ). Nbl1 causes dorsalization of Xenopus animal caps induced by overexpression of BMP2, BMP4 or BMP7 (Hsu et al., 1998; Stanley et al., 1998) . However, the physiological relevance of these interactions is still questionable, as in frog embryo the antagonistic interaction of Nbl1 with GDF-5 was more efficient than with BMP-2/4 (Dionne et al., 2001) .
BMPs were previously linked to apoptotic cell death. For example, the development of the vertebrate head involves emigration of neural crest cells from the hind brain to populate the branchial arches, which give rise to distinct skeletal and muscular tissues in each arch (Graham et al., 1996) . Bmp4 has an expression pattern that coincident with the patterns of neural crest apoptosis (Graham et al., 1994) . Moreover, addition of recombinant BMP4 protein to culture of isolated rhombomeres 3 or 5, led to the execution of the morphogenetic apoptotic program (Graham et al., 1994) . One may suspect that the BMPdependent reduction in neurogenesis we have identified was caused by cell death. However, this hypothesis is less likely according to the LacZ (Fig. 2) and DAPI staining (Figs. 3, 5  and 6 ). Moreover, in primary cultures of CGC from rat EGL at P8, both BMP6 and BMP7 were shown to protect the cells from apoptosis (Yabe et al., 2002) . In other studies, some BMPs were even shown to inhibit apoptosis in tumorigenic cells originating from CGC. In the medulloblastoma cell line DAOY, an undifferentiated cerebellar primitive neuroectodermal tumor (PNET) cell line, treatment with BMP2 or BMP4 (but not BMP6, TGFb1 or GDNF) attenuated dramatically the proportion of apoptotic nuclei.
The expression pattern of Math1 and Nbl1 in E14.5 CGC progenitors at the rhombic lip overlaps. While we have found that Nbl1 transcript level was downregulated in the rhombic lip of Math1 null mice, the expression of Math1 is unaltered in the rhombic lip of Nbl1 mutant mice (Dionne et al., 2001 ). Moreover, recombinant NBL1 partially rescues Math1 null cells from their differentiation arrest, as illustrated by their inability to generate neurites in primary cultures (Gazit et al., 2004) . The fact that the rescue was only partial was expected, as probably multiple genes that act downstream to Math1 participate in neuritogenesis. Additionally, as Nbl1 is expressed also in other regions (e.g. the cerebellar ventricular zone) implied that other genes besides Math1 (e.g. Mash1) may act upstream of Nbl1. Hence, we concluded that in the rhombic lip Nbl1 acts (directly or indirectly) downstream to Math1.
We have previously suggested that Math1 affects differentiation CGC by a back talk with the Notch signaling pathway (Gazit et al., 2004) . Not only that a few Notch ligands (e.g. Delta1 and Jagged2) and receptors (e.g. Notch4) were downregulated in Math1 null cerebella, but a feedback loop was identified, in which Math1 activates transcription of Hes5, which in turn downregulates the transcription of Math1 itself. Recently, a direct link between the Notch and TGFb pathways has been uncovered (Kluppel and Wrana, 2005) . Both BMP and Notch signaling pathways were shown to integrate in the transcriptional regulation of Notch target genes, to inhibit myogenic and osteoblastic differentiation as well as endothelial cell migration (Kluppel and Wrana, 2005; Nobta et al., 2005) . In all cell types tested, TGFb was able to induce Hes1 expression and therefore Hes1 was suggested as direct target gene of TGFb signaling . The integration of both signaling pathways signals and the subsequent activation of Hes1 expression inhibit myogenic regulatory genes, such as the bHLH factor MyoD, and leads to the inhibition of myogenesis . Activation of Notch1 by Delta1 or Jagged1 enhanced BMP2-induced osteoblast differentiation through an identical signaling pathway (Nobta et al., 2005) . Furthermore, functional Notch signaling is essential not only for BMP2-induced osteoblast differentiation but also for BMP signaling itself. Therefore, convergence of both signaling pathways in neuronal differentiation can be suggested.
Few signals, derived from a non-neural tissue, had been previously implicated in attenuating the differentiation of cerebellar neurons. The choroid plexus was shown to produce retinoic acid that promotes neurite outgrowth from the cerebellum (Yamamoto et al., 1996) . All the elements required for retinoic acid signaling are present in the vicinity of the developing cerebellum [reviewed in (McCaffery et al., 2003) ]. Therefore, it was suggested that the choroid plexus acts as a paracrine growth promoting organ for the developing cerebellum (Yamamoto et al., 1996) .
A second pathway in which cerebellar development is regulated by surrounding epithelium is the receptor-ligand communication in the context of a pial-neuronal interactions. A receptor tyrosine kinase discoidin domain receptor 1 (DDR1) in the cerebellar external granule layer, was found to respond to its ligand, collagen, which is localized to the pial layer of the developing cerebellum. DDR1 activation is essential for neuritic outgrowth and granule cell parallel fiber extension in dissociated primary cultures and in vivo (Bhatt et al., 2000) . Thus, cerebellar cortex histogenesis was shown to be influenced also by meningeal cells. All data imply that BMPs have crucial and versatile roles during cerebellar development. BMPs are secreted from various sources (the choroid plexus, pia, Purkinje cells and the granule cells themselves) at various time point and developmental stages in parallel to the migration and maturation of the granule cells.
Taking the novel and established data together, we suggest a possible schematic model linking BMP signaling and CGC development (Fig. 7) . We propose that in the developing cerebellum, BMP7 has two phases of action. Firstly, it participates in the specification of the rhombic lip cells as future CGCs (Alder et al., 1999) . BMPs induce the expression of Math1 and in parallel prevent the differentiation of neural progenitors at the rhombic lip. Nbl1, which is placed downstream to Math1 in the signaling pathway, is expressed and antagonizes the action of BMP7, thus, allowing the differentiation program to continue later during development.
We have shown for the first time that BMP7 derived from choroid plexus inhibits differentiation of CGC neural progenitors, while inhibiting BMP7 action promotes differentiation. We propose that the epithelial-derived choroid plexus, participates in the control of differentiation of its adjacent neural progenitor cells. As choroid plexus tissues are found in all four brain ventricles, their inhibitory role on neural maturation may be more general and relevant also to the development of other regions of the embryonic nervous system.
Experimental procedures
Mice
Math1 lacZ/lacZ null mice were previously described (Ben-Arie et al., 2000) . In this line, the entire open reading frame of Math1 was removed, and replaced by a lacZ reporter, whose expression is controlled by the intact Math1 locus. Math1 genotype was determined by real-time PCR as described . Since Math1 lacZ-/lacZ newborn pups are not viable, heterozygous mice were mated to obtain all Math1 genotypes. The morning of vaginal plug appearance was considered as embryonic day (E) 0.5. Experiments were conducted according to an ethical approval from the Hebrew University of Jerusalem, according to the Israeli laws.
Tissue culture and immunofluorescence microscopy
Rhombic lip cultures were generated and grown as described (Gazit et al., 2004) . Rhombic lip and fourth ventricle choroid plexus tissues were dissected and processed in parallel. BMP7 and NBL1 (Recombinant Mouse DAN, No. 755-DA) recombinant proteins were purchased from R&D Systems (Minneapolis, MN, USA). The proteins were added to the culturing medium 24 h after the culture was established. After 5 more days, cells were stained as described (Gazit et al., 2004) . Antibodies used for staining were: mouse anti-bIII-tubulin (1:10, DSHB, E7) and goat anti-mouse conjugated to FITC (1:100, Sigma, USA). Preliminary experiments were conducted to verify that the signal is not produced by the primary or secondary antibodies alone, to check for autofluorescence and to identify the dilution that provided the best signal to noise ratio (not shown).
For functional inhibition of BMP7, an anti-BMP7 blocking antibody (No. MAB3541, R&D Systems, Minneapolis, MN, USA) was added to the culturing medium 2 4h after the culture was established to final concentration of 2 mg/ml. Half of the medium was replaced 2 days later with a fresh medium containing antibody. Cultures were grown for a total of 6 days and stained as above.
X-Gal staining was performed as previously described (Gazit et al., 2004) . After postfixation in 4% paraformaldehyde in PBS cells were counter stained by Nuclear Fast Red (Aldrich) and clarified in 75% Glycerol in PBS.
Pictures were taken under an Axioskop2 microscope (Zeiss, Germany), using a DP10 digital camera (Olympus, Germany). Images were assembled and quantified using NIH ImageJ software (http://rsb.info.nih.gov/nih-image/index. html). The measure function of ImageJ computed the mean gray value, representing the average fluorescent intensity (AFI). Repeating the measurements for different images provided the basis for the calculation of the mean and SE using Microsoft's Excel. AFI units were not normalized and are therefore arbitrary. Each figure legend indicates the number of repetitions (n), the SEM and the statistical significance (P) obtained by Students t-test.
In situ hybridization
Heads of E14.5 mouse embryos were fixed in 4% paraformaldehyde, cryoprotected by 30% sucrose and sagittally sectioned (10 mm). Probes were synthesized using DIG RNA Labeling Kit (Roche, Mannheim, Germany) from cDNA fragments of Nbl1 (positions 966-1594 in NM008675) and Bmp7 (1322 -1934 . Hybridization and detection were performed as described (Ma et al., 1996) , and were followed by fixation and DAPI counterstaining.
